ECEPTORS FOR THE constant region of IgG are expressed on the surface of hematopoietic cells and mediate signaling events essential for the effective function of the host defense system. Three classes of Fcy receptors have been described: FcyRI, FcyRII, and FcyRIII. Within the human FcyRII class, several distinct isoforms have been identified. The diversity is caused by three genes and alternative splicing mechanisms that lead to different gene products whose functions are not well defined. Although the extracellular and transmembrane regions of these isoforms are similar or identical, three of the receptors, FcyRIIA, FcyRIIB 1, and FcyRIIB2, exhibit variability in the length and structure of their cytoplasmic domain^."^ The cytosolic tail of FcyRIIA differs both in sequence and length from the cytosolic regions of FcyRIIB 1 and F c~R I I B~.~ FcyRIIB 1 and FcyRIIB2 differ from each other by virtue of a 19 amino acid in-frame insertion in the cytosolic tail of FcyRIIBl caused by alternative ~plicing.~ In addition, these isoforms differ in their cellular distrib~tion.~-~
We have recently observed that FcyRIIA expressed in transfected COS-l cells can efficiently phagocytose IgGsensitized red blood cells (RBCS)~ and that activation of FcyRllBl and FcyRIIB2 contain one copy of the cytoplasmic sequence YXXL/I implicated in signal transduction, whereas FcyRllA contains two copies. We therefore inserted YXXL/I sequences at different sites in FcyRIIB2. Low levels of phagocytosis were observed in a FcyRIIB2 mutant bearing the FcyRllA sequence YMTL and higher levels of phagocytosis were observed in a second FcyRllB2 mutant that contained both the upstream YMTL and an additional downstream tyrosine-containing motif. Activation of this mutant receptor also induced receptor tyrosine phosphorylation. Thus, these studies indicate that both the number and placement of YXXL sequences in the cytoplasmic domain of the FcyRll receptor family affect both receptor tyrosine phorphorylation and phagocytic competence. 
FcyRIIA induces its phosphorylation on tyrosine.' The cytoplasmic tail of FcyRIIA, unlike human FcyRIIBl or FcyRIIB2, contains a sequence (E-X8-D-X2-Y-X2-L-X 12-Y-XZL) that is closely related to the motif (D/E-X7-D/E-X2-Y-X2-L-X6,7-Y-X2-L) present in the
cytoplasmic domains of several molecules associated with signal transduction events: the y , 6 , E , and 6 CD3 subunits of the T-cell receptor, the y and p chains of the mast cell receptor, and the IgM-a (MB-1) and Ig-p (B29) subunits of the B-cell Several lines of evidence indicate that this motif plays a critical role in activation of the intracellular events regulated by these receptors.".'* Therefore, we examined whether the differences in this sequence between FcyRIIA on the one hand and FcyRIIBl and FcyRIIB2 on the other may influence receptor tyrosine phosphorylation and phagocytic function. To this end, we studied tyrosine phosphorylation and phagocytic signaling in COS cell transfectants of different FcyRII isoforms and in transfectants of FcyRIIB2 mutants in which additional tyrosine-containing motifs were placed. The results suggest the importance of more than one tyrosine-containing motif in the phagocytic function of the FcyRII family of receptors.
MATERIALS AND METHODS
Culture and transfection. COS-l cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing glucose (4.5 mg/mL), glutamine (25 mg/mL), streptomycin (100 UlmL), penicillin (100 pg/mL), and 10% heat-inactivated fetal calf serum. Cells at 70% to 80% confluence were transfected with full-length human Fcy receptor cDNA in the SV40-based vector pKC4 obtained from Dr Mark Hogarth (University of Melbourne, Melbourne, Australia moUL NaCI, 10 mrnol/L Tris, pH 7.2, 5 rnmoUL NaEDTA, 1 mmol/L phenylmethylsulphony1 fluoride, 1 mmol/L Na3V04) at 4°C for 30 minutes. Phosphotyrosine-containing proteins were immunoprecipitated from lysed cells with affinity-purified rabbit antiphosphotyrosine antibody UP-28.' The immunoprecipitates were analyzed on SDS 7.5% polyacrylamide gels and probed on immunoblots with antiphosphotyrosine monoclonal antibody (MoAb) 4G10.I6 A total of 2 X IO6 cells were analyzed per lane. For inhibition studies, cells were pretreated with tyrphostin 23 (50 to 200 pmol/L) for 20 minutes at 37°C or with genestein (10 to 25 pg/mL) for 10 minutes at room temperat~re.".~~ Tyrphostin 23 was dissolved in ethanol to a concentration of 10 mmoVL. This stock solution was then diluted into 1 mL of PBS to final concentrations of 50, 100, and 200 pmoU L of tyrphostin 23, which therefore contained 5, 10, and 20 pL of ethanol, respectively. Genestein (10 mg/mL stock) also was diluted in ethanol and added into 1 mL of PBS. The final concentrations of genestein were 10 pg/mL and 25
Both the 10 pg/mL and the 25 pg/mL genestein solutions contained 10 pL of ethanol.
Biotinylution of receptor proteins. Transfected cells were washed once with PBS, overlaid with 1 mL PBS containing 100 pmol/L NaHCO, and 100 pg/mL Biotin (Pierce, Rockford, L), and incubated at room temperature for 1 hour. W C 1 to 100 mmol/L was added and incubation was continued for an additional 10 minutes. The cells were washed once and lysed with RIPA buffer at 4°C for 30 minutes. FcyRIIA was immunoprecipitated with antiFcyRII MoAb IV.3'.I4 and FcyRIIB2 was immunoprecipitated with anti-FcyRIIB-specific MoAb 41H.16.""' The immunoprecipitates were analyzed on an SDS 7.5% polyacrylamide gel and the immunoblot was probed with avidin horse radish peroxidase (BioRad, Richmond, CA; 1: 1,000 dilution) followed by Enhanced Chemiluminescence reagents (Amersham Corp. Arlington Heights, IL) and visualized using Kodak XAR-5 film (Eastrnan Kodak, Rochester, NY).
Construction of mutant receptor molecules. Two-step overlap extension PCR2* was used to construct mutant FcyRIlB2 cDNAs and an FcyRIIA cDNA encoding a cytosolic domain containing only a single arginine residue. PCR products were ligated into pKC4 and sequence analysis was performed to verify fidelity of sequence.
Electron microscopy. COS-l cells were removed from plates by pipetting and washed to remove media. The pelleted specimens were fixed in 2% glutaraldehyde in 0.1 m o a sodium cacodylate buffer, pH 7.4. After washing three times in 0.1 m o m cacodylate buffer, pH 7.4, the specimans were fixed in 1% oso4 for 30 minutes at room temperature. After dehydration in graded alchohol, the specimens were embedded in Epon-EM-Bed-812. Thin sections were cut using an LKB Ultratome I11 microtome. Photography was performed with a Philips 300 electron microscope.
RESULTS AND DISCUSSION
To examine differences in phagocytic function among the members of the FcyRII receptor family, we transfected COSl cells with FcyRIIA, FcyRIIB 1, or FcyRIIB2. Analysis by flow cytometry demonstrated a significant and similar shift in mean fluorescence intensity for these transfectants, indicating that each of these gene products was efficiently expressed on the cell surface (Fig 1) . FcyRIIA, FcyRIIBl, and FcyRIIB2 expressed in COS-l cells also bound IgGsensitized RBCs (EA) efficiently (Fig 2) . No binding was observed in cultures of sham-transfected cells or in transfected cells incubated with unsensitized RBCs. To examine the ability of these isoforms to phagocytose IgG sensitized RBCs, the externally bound RBCs were removed by hypotonic lysis. In COS-l cells transfected with FcyRIIA, phagocytosis of sensitized RBCs was detected in 40% to 50% of the cells with bound RBCs4 (Fig 2) . However, even though cells transfected with FcyRIIB1 and FcyRIIB2 bound large numbers of IgG-coated RBCs externally, these cells were unable to phagocytose highly sensitized EA (Figs  2 and 3) .
We and others have demonstrated phagocytosis of EA in COS-1 cells and other cell lines derived from fibroblasts after Fcy receptor tran~fection.6'~~-*~ As shown in light micrograph studies, the ingested EA are enclosed in distinctive vesicles and some RBCs show partial degradation.6*" There is no phagocytosis in cells transfected with mutant receptors lacking the cytoplasmic domain, although the binding of EA remains unchanged (see below). Cytochalasin D and cold temperature inhibit the ingestion of EA without changing EA binding.6 In addition, electron micrographs of internalized EA (Fig 4) confirm that the COS cell FcyRIIA transfectants mediate phagocytosis that appears morphologically similar to that in monocytes/macrophages. The functional differences between the FcyRII isoforms most likely arise from differences in structure of the cytoplasmic domain of the FcyRII receptor family (Fig 5) . To further examine the role of tyrosine phosphorylation in FcyRIIA-mediated phagocytosis, we pretreated the transfected COS cells with inhibitors of tyrosine kinases. Preincubation of FcyIUIA-transfected COS-l cells with tyrphostin 23 or with gene~tein""~ caused a dose-dependent inhibition of phagocytosis by FcyRIIA transfectants (Table  l ) but no change in the binding of EA. In parallel samples, tyrphostin 23 and genestein caused a significant reduction in tyrosine phosphorylation of FcyRIIA (Fig 6) . Although the ethanol buffer alone also inhibited tyrosine phosphorylation, tyrphostin 23 and genestein produced a larger inhibition of tyrosine phosphorylation than an equivalent amount of ethanol buffer. At 100 pmoVL tyrphostin, a concentration that produces a profound reduction in phagocytic index (Table l), there was also inhibition of tyrosine phosphorylation (Fig 6) . The inability of phagocytosis to proceed in the presence of detectable tyrosine phosphorylation of FcyRIIA suggests that tyrosine phosphorylation of substrates other than FcyRIIA may be important for phagocytosis. Thus, these experiments raise the possibility that tyrosine phosphorylation of FcyRIIA and perhaps other substrates plays a role in the induction of phagocytosis by FcyRIIA. (C3b receptor) and CR3 (iC3b receptor), which bind C3-coated RBCs without stimulating p h a g o c y t~s i s .~~.~' Because we observed that FcyRIIB 1 and FcyRIIB2 bind EA without inducing a phagocytic signal, we explored whether PMA can induce these receptors to mediate phagocytosis. PMA did not induce phagocytosis by FcyRIIB1-or FcyRIIB2-transfected COS-1 cells, even though it amplified phagocytosis by FcyRIIA transfectants 2.1-? 0.2-fold. This effect occurred in the absence of an increase in Fcy receptor surface expression as measured by flow cytometry. Thus, stimulation of a phagocytic signal by a PKC-mediated pathway also depends on sequences present in the cytoplasmic domain of FcyRIIA but absent from the cytosolic domains of FcyRIIB 1 and FcyRIIB2.
We performed a series of experiments to determine why the FcyRIIB isoforms are not phosphorylated on tyrosine and why they do not induce phagocytosis in COS cell transfectants. Because the murine homologue of human FcyRIIB2 supports phagocytosis of IgG-sensitized T gondii in transfected cells32 and contains a cytoplasmic region con- taining two YXXL like sequences, we hypothesized that the addition of YXXL sequences into the cytoplasmic domain of human FcyRIIB2 might provide the necessary environment for phagocytosis by FcyRIIB2. We therefore inserted additional YXXL sequences at different sites in FcyRIIB2 (Table 2 ). Our studies indicate that the membrane proximal YXXL of FcyRIIA (YMTL) contributes to the phagocytic response by F c~R I I A .~~ Therefore, we introduced this YMTL sequence into FcyRIIB2, upstream of the existing YSLL (after the valine at position 221, Fig 5) , resulting in the juxtaposition of two YXXL sequences and the establishment of a motif resembling that found in FcyRIIA as well as in many other Ig gene superfamily receptors andor their sub unit^.'.^ This mutation (Ml) did not result in full receptormediated phagocytic activity but did allow a low, reproducible level of phagocytosis in FcyRIIB2 transfectants (MI FcyRIIB2 = 0.5% to 2% phagocytic cells, P < .02; wildtype FcyRIIB2 = <0.2% phagocytic cells; and wild-type FcyRIIA = 25% to 40% phagocytic cells) in seven separate experiments and using M1 DNA prepared from three different PCR generated clones. Some of the mutant FcyRIIB2 The low phagocytic activity by this FcyRIIB2 mutant indicated that this YXXL replacement is not sufficient for efficient transmission of a phagocytic signal by FcyRIIB2. Therefore, we constructed two additional FcyRIIB2 mutants (Fig 5) . Replacement of aspartic acid 243 by tyrosine 11 amino acids downstream of YSLL in M1 creates the sequence YXXXI, which is similar to the configuration in murine FcyRIIB2. The resulting configuration in human FcyRIIB2 is a motif containing three tyrosines, as in FcyRIIA, but with 13 instead of 15 amino acids separating two of the tyrosines (Fig 5) . This mutant, designated M2, mediated more efficient phagocytosis of EA (10% to 18% phagocytic cells). In contrast, the mutation of aspartic acid to tyrosine to create YXXXI in WT FcyRIIB2 (M3) without an upstream YMTL allowed minimal phagocytosis in transfected COS cells. These results indicate that both the number and placement of YXXL sequences in the cytoplasmic domain affect the phagocytic competence of the FcyRII family of receptors.
We next examined whether the wild-type and mutant FcyRIIB2 receptors are phosphorylated on tyrosine in transfected COS cells (Fig 7) . A strongly phosphorylated band was observed at 40 kD in immunoblots derived from antiphosphotyrosine immunoprecipitates of FcyRIIA COS transfectants activated with EA (Fig 7, lane 3) . A band of similar size was observed in cells that had been surface labeled with biotin and immunoprecipitated with antiFcyRIIA (IV.3) (Fig 8, lane 9) , identifying the phosphorylated band as FcyRIIA. FcyRIIB2 was also expressed in COS cell transfectants, as indicated by immunoprecipitation by the anti-FcyRIIB antibody 41H.16 (Fig 8, lane 4) , but, in contrast to FcyRIIA and mutant FcyRIIB2, FcyRIIB2 was not phosphorylated in EA activated COS transfectants (Fig 7, lane 7) . Because the FcyRIIBl and FcyFUIB2 isaform variants of FcyRII contain only one YXXL cytoplasmic sequence (Fig 5) and lack the ability to phagocytose EA, at least two copies of YXXL may be important for tyrosine phosphorylation.
For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From To study this further, we examined the phosphorylation on tyrosine of FcyRIIB2 mutants in transfected COS cells after receptor stimulation with EA (Fig 7) . In contrast to the absence of tyrosine phosphorylation in WT FcyRIIB2, the M2 FcyRIIB2 transfectants were phosphorylated on tyrosine after receptor activation (Fig 7, lanes 5 and 6) . To a lesser extent, the M1 FcyRIIB2 transfectant was also phosphorylated (Fig 7, lane 4) . The FcyRIIB2 mutants were similarly expressed in the COS transfectants, as indicated by the immunoprecipitation studies after their biotinylation on the COS cell surface (Fig 8, lanes 2 and 3) . The variation in the migration rates on gel electrophoresis of FcyRIIA and FcyRIIB2 may be caused by differences in glycosylation and is similar to that which has been reported by others.*'**' It has been suggested that in several members of the Ig gene superfamily the amino acids separating the two tyrosines within the YXXL motif assume a helical configuration bringing the tyrosines into apposition! In FcyRIIA, the two YXXL tyrosines are separated by 15 amino acids, whereas, Recent studies of the role of the cytoplasmic domain in human and murine Fcy receptor-mediated endocytosis of small molecular weight immune complexes have shown that human FcyRIIA and human and murine FcyRIIB2 transfectants are able to mediate immune complex endocytosis and that this function requires only short stretches of the receptor cytoplasmic do mains."^" Although phagocytosis and endocytosis are related processes, it appears that fundamental differences exist in the requirements for internalization by these routes. For example, receptor-mediated endocytosis involves localization of immune complexes to clathrincoated pits, whereas internalization by phagocytosis is dependent on intact actin micro filament^.^^ Therefore, there are cytosolic sequences responsible for phagocytosis that are probably distinct from those required for endocytosis. As with phagocytosis in hematopoietic cells, ingestion of EA by our COS-cell transfectants requires an intact cytoskeleton, as indicated by sensitivity to cytochalasin D. 6 The tissue distribution of the human FcyRII subclasses also appears to reflect the functional differences demonstrated here. In summary, these studies demonstrate the importance of the cytoplasmic domain in tyrosine phosphorylation and in phagocytosis of IgG-sensitized cells by FcyRII. FcyRlIA is distinguished from the FcyRlIB isoforms by its ability to induce its phosphorylation on tyrosine and by its ability to mediate a phagocytic signal. Whether the FcyRIIB isoforms are able to transmit signals other than phagocytosis is a subject of future study. Furthermore, these studies implicate sequences within the cytoplasmic domain of FcyRIIA, including a double YXXUI motif, in events important for phagocytosis and in the induction of tyrosine phosphorylation of the FcyRII family of receptors. Further studies analyzing the importance of the tyrosine and leucine residues within this motif, and the interactions of this motif with cellular tyrosine kinases, are in progress.
